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Abstract: Low-cost and miniaturized biosensors are key factors leading to the 

possibility of portable and integrated biomedical system, which play an important role 

in clinical medicine and life sciences. Random lasers with simple structures provide 

opportunities for detecting biomolecules. Here, a low-cost biosensors on fiber facet 

for label-free detecting biomolecules is demonstrated resorting to plasmonic random 

laser. The random laser is achieved resorting to a random plasmonic scattering 

structure of Ag nanoparticles and polymer film on fiber facet. Refractive index 

sensitivity and near-surface sensitivity of the biosensor are systematically studied. 

Furthermore, the biosensor is used to detect lgG through specific binding to protein A, 

exhibiting the detecting limit of 0.68 nM. It is believed that this work may promote 

the applications of plasmonic random laser bio-probe in portable or integrated 

medical diagnostic platforms, and provide fundamental understanding for the life 

science. 
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Background 

The growing requirements of clinical medicine and life sciences spark off a 

remarkable trend of bio-sensing technology
1,2

, which provide important insight into 

pharmacological intervention and cellular processes
3
. Optical biosensor is one of the 

most widely used biosensors
4-6

. It commonly obtains the information of target 

biomolecules through detecting changes in optical signals that caused by the molecule 

interaction
7
. Towards the advanced sensing technology, optical biosensor initially 

employs labeled biomolecule to extract information about target biomolecules 

through the spectral characteristics (eg. fluorescence intensity variation or wavelength 

shift)
8,9

. However, label-based biosensor would weaken the biological activity or 

interfere the biological interaction. Label-free biosensor without biomarkers 

effectively avoid these negative factors from labelling process, providing new 

functionalities and opportunities
10

. As is well known, high sensitive and detection 

limit play a central role of sensors
11

. Therefore, great efforts are needed to develop 

new types of label-free biosensor to optimize the sensing performance.  

Laser with narrow spectral linewidth and high intensity implemented as label-free 

biosensors could resolve smaller wavelength shifts, which is associated with a smaller 

vitiation of analytes
12

. Biological molecules attached to dielectric cavity can change 

its effective refractive index, leading to the changes of resonant mode. Currently, 

laser-based label-free biosensors with extremely high detection sensitivity have been 

achieved resorting to different kinds of cavities, such as whispering gallery mode 

lasers
13

, distributed feedback lasers
14,15

, photonic crystal lasers
16,17

 and plasmonic 



lasers
18

. However, label-free biosensing by traditional lasers suffers severely from 

meticulous designs and precise preparations of the special optical resonator cavities, 

which are challenging and high-cost for sensing. Therefore, it is extremely desirable 

to design label-free laser biosensor with characteristics of simplified preparation and 

low-cost to promote the development of portable and integrated biomedical system. 

Random lasers (RL) characterized with simple structure and flexible design, are 

good candidates for label-free laser biosensor
19,20

. Without rigid and expensive optical 

cavities, random laser is based on the multiple scattering of light in low-cost disorder 

system. The lasing characters are highly dependent on the gain
21,22

 and scattering 

structure
23

 
24

. Based on this feature, such random lasing sensors have been used to 

sense of temperature
25

, chemicals
26

, tumor tissue27, cell counting28, and bone tissue 

structure29. Furthermore, random laser sensors based on optical fiber are proposed
30

, 

which not only retain the advantages of the random laser sensor, but also make full 

use of the high optical transmission efficiency of the optical fiber. The compact 

structure promotes the miniaturization and integration of the random laser biosensors, 

bringing new opportunities for portable and integrated biomedical sensing system. 

However, random lasers biosensors based on optical fiber for monitoring 

biomolecules interactions have not been investigated till now. In view of their 

potential functions for life sciences and medical diagnosis, biomolecules sensors 

based on random laser with optical fibers are in a great need to be developed.  

Here, a label-free biosensor based on low-cost plasmonic random laser on fiber 

facet is designed, fabricated, and demonstrated. The random lasers are fabricated by 



covering polymer membrane over the self-assembly silver nanoparticles (Ag NPs) 

randomly distributed on fiber facet. We have systematically studied the random lasing 

action and explored their applications in refractive index sensing and near-surface 

sensitivity, revealing the important feature that the wavelength shift of lasing mode is 

proportional to the changes in external refractive index of random laser. The 

biosensing capability of the random laser on fiber facet is demonstrated by detecting 

human lgG. Through specific binding to protein-A fixed on the surface of random 

laser, the concentration of lgG has been well monitored.  

Results and discussion 

In our experiment, Ag NPs with local surface plasmon resonance act as the 

scattering structure of the random laser, which are self-assembled on the fiber facet by 

polyvinylpyrrolidone (PVP)-assisted reaction
26

, as is shown in Figure 1a and 

supplementary materials. AgNO3 (0.2 g/ml) and PVP (0.03125 g/ml) are dissolved in 

DI water, as the precursor solution. An optical fiber with the diameter of 800 μm is 

dipped in the precursor solution, and be heated at 200 ℃ for 0.5 h. The scanning 

electron microscope (SEM) images of Ag NPs in Figure 1b shows that the spherical 

Ag NPs are randomly distributed on the fiber facet for providing strong confinement 

and feedback of light. The statistical distribution of Ag NPs indicates that the diameter 

is relatively uniform and mainly distributed between 20 nm and 30 nm (Figure 1c). 

The mean diameter of Ag NPs is estimated as 25 nm. The extinction spectrum 

exhibits a broad peak from 350 nm to 650 nm (see in Figure 1d). The normalized 

electric field distribution near Ag NPs is stimulated. Due to the localized surface 



plasmon resonance (LSPR) of Ag NPs, their local fields are 10 times enhanced (inset 

of Figure 1d) respected to air, which can enhance the emissions from the random 

lasers
20,31-33

.  

 

Figure 1 (a) Schematic illustration of the synthesis process for scattering structure on fiber facet. 

(b) Scanning electron microscopy (SEM) image of Ag NPs self-assembled on fiber facet. (c) 

Statistical distribution of Ag NPs that self-assembled on fiber facet. (d) The extinction spectrum of 

Ag NPs. Inset: the normalized electric field intensity of Ag NP, the excitation is a plane wave 

polarized in the x axis with a wavelength of 466 nm. 

Poly[9, 9-dioctylfluorenyl-2, 7-diyl] end capped with DMP (PFO) is an attractive 

light emitting polymer, characterized with high luminescence efficiency and high 

charge carrier mobility
34

. Additionally, PFO film with negatively charged surface has 

been applied in chemical sensors, biological labels and optoelectronic device
35-37

. 

Thus, PFO chosen as the gain material for the random laser, is transplanted to the 



fiber facet (Figure 2a). Optical micrograph of the front view of the random laser on 

fiber facet illustrates that the surface of the polymer is uniform and smooth (inset of 

Figure 2a). The absorption spectrum of PFO displays a absorption band from 320 nm 

to 430 nm, which is overlapped with the extinction band of Ag NPs (blue shading) 

(Figure 2b). It indicates that the excitation of random laser could be enhanced by Ag 

NPs
38

. The photoluminescence spectra of PFO with or without Ag NPs are shown in 

Figure 2b, respectively. These two photoluminescence spectra demonstrate that the 

fluorescence intensity is enhanced by Ag NPs. And the photoluminescence lifetime is 

further studied by comparing the photoluminescence decay dynamics of PFO with 

(red dots) and without Ag NPs (blue dots). It can be confirmed that the interaction 

with Ag NPs reduced the photoluminescence lifetime from 0.8 ns to 0.5 ns (Figure 

2c)
20

. In addition, the local field enhancement by Ag NPs has been also been 

demonstrated by simulating the normalized electric field distribution near Ag NPs that 

randomly distributed on fiber facet. The result in Figure 2d demonstrates that Ag NPs, 

especially the Ag NPs dimmer with gap of 5-10 nm, could provide enormous local 

enhancement and enhance the scattering light from Ag NPs
39-42

. As a result, the Ag 

NPs can supply strong gain and effective feedback for the random lasing.  



 

Figure 2 (a) Design of the plasmonic random laser on fiber facet. (b) Absorption spectra (blue 

dash) and photoluminescence spectra of PFO (blue solid), photoluminescence spectra of polymer 

with Ag NPs (red solid). (c) The PL lifetime of PFO with (red dots) and without Ag NPs (blue 

dots). (d) The normalized electric field intensity of Ag NPs on the fiber facet covered by PFO, the 

excitation is a plane wave polarized in the x axis with a wavelength of 466 nm. 

The emission characteristic of the plasmonic random laser on fiber facet is 

systematically investigated. Figure 3a shows the schematic of the experimental setup. 

The random laser is directly pumped by a pulse laser at 400 nm. The emission is 

detected at angle θ, which is respect to the orientation vertical to the fiber. Figure 3b 

depicts the evolution of the emission spectra by varying the pump energy densities. 

When the pump energy density is 19 μJ/cm2
 (red curve in Figure 3b), the spectrum 

exhibits a broad spontaneous emission band (black curve in Figure 3b). By increasing 

the pump energy density to 33 μJ/cm2
, the spectrum appears a narrow emission band 



centered at λ = 468 nm with several sharp spikes. It should be noticed that the 

linewidth of the sharp peaks recorded by a high-resolution spectrometer is as narrow 

as 0.42 nm (Figure 3c), indicating the coherent feedback being formed by Ag NPs. As 

the pump energy density further increases to 39 μJ/cm2
 and 60 μJ/cm2

, the emission 

intensity increases more rapidly (blue and green curves shown in Figure 3b). Figure 

3b plots the variation of emission intensity at 468 nm as a function of the pump 

energy density. There is a clear threshold behavior with a knee point in the curve as 

the pump energy densities increase, which further suggests the occurrence of random 

lasing. According to the threshold curve, the threshold of random lasing is measured 

at 30.5 μJ/cm2
. The photograph inset of Figure 3d shows the bright optical fiber 

excited by the pump beam on the end of fiber, demonstrating the random laser 

operating well. Furthermore, spatial emission performance of this plasmonic random 

laser on fiber facet is studied by changing detection angle from 5º to 175º under a 

fixed pump condition. The integrated intensities of observed spectra in Figure 3e 

increase from the sides to the center. As the thickness of the PFO film decreases from 

the central to the edge of the fiber facet during the film-forming process, the random 

laser performs an optimal spatial distribution
43

.  



 

Figure 3 (a) Experimental setup of plasmonic random lasers on fiber facet. (b) Emission spectra of 

the plasmonic random system on fiber facet obtained under different pump power densities at the 

detection angle of 45º. (c) Specifics of emission spectra at pump power density of 33 μJ/cm2
, 

recorded by a high-resolution spectrometer with a resolution of 0.1 nm. (d) Emission intensity of 

random lasing mode at 468 nm versus the pump energy density. Inset: corresponding images of 

the operating random laser on fiber facet. (e) The integrated intensity of the random laser as a 

function of the detection angle. 

Refractive index sensing behavior is explored in terms of the change in emission 

performance of the plasmonic random laser on fiber facet. According to the laser 

principle, the laser mode is satisfied the equation44,45
  

                          2𝑛𝐿 = 𝑚𝜆                             (1) 

where n is the effective refractive index of gain, L is the resonant cavity length, m is a 

positive integer mode number, and λ is the lasing wavelength. Therefore, the media 



with different refractive index that exposed to the RL surface would affect the 

resonant mode by altering the effective refractive index of gain. Figure 4a summarizes 

the sensitivity to changes in the environmental refractive index by exposing different 

solutions to the RL surface. Six samples with the same parameter dip in solutions with 

different refractive index, such as methanol (n=1.329), deionized water (n=1.333), 

ethanol (n=1.360), isopropyl alcohol (n=1.379), glycol (n=1.430), and oil (n=1.475), 

respectively. Central wavelength shift of the laser emission is measured, which 

increases linearly with the refractive index (Figure 4a). And a refractive index 

sensitivity of ∆λ/∆n=1.24 nm/RIU is estimated by linear fitting, where ∆n is the 

refractive index difference between environment and PFO. So, the plasmonic random 

laser on fiber facet can be used for refractive index sensor. Moreover, the near-surface 

sensitivity is characterized through detecting lasing wavelength variations caused by 

absorbing a monolayer of protein polymer Poly (Lys, Phe) (PPL, 1 mg/ml). RL on the 

fiber facet is cultivated in the PPL solution and being coated with a single monolayer 

of PPL. During the self-assembled process, we monitored the wavelength at various 

cultivating stages of the polymeric monolayer
14

. Figure 4b presents the temporal 

progression of the laser wavelength, which red-shifts rapidly after immersing in PPL 

solution for 4 min. And then the changing rate is slowing down and tends to a definite 

value. The saturated phenomenon after 15 min is because the sensitivity decreases as 

the deposited layers of PPL on its surface increases. Therefore, the design of 

plasmonic random lasers fiber facet have high sensitivity to external environment 

refractive index and excellent near-surface sensitivity. 



 

Figure 4 (a) The variation of wavelength shifts versus of external environment by exposing 

different solutions to the RL surface. (b) Dynamic detection of alternating deposition layers of 

single monolayer PPL.  

The excellent surface sensing behavior of the random lasers makes it possible to 

detect biomolecules based on surface adsorption
46

. Figure 5a shows the sensing 

process for the RL on fiber facet based on a protein-protein interaction
14

. An initial 

baseline of emission wavelength is established before functionalizing the surface (the 

red line in Figure 5b). Protein A is firstly adsorbed to the surface of seven random 

lasers through noncovalent hydrophobic attachment for 20 min at room temperature. 

Then the fiber facet is subsequently rinsed by phosphate buffered saline (PBS). 

Corresponding antibody (human IgG) solutions with the concentrations of 34 μM is 

exposed to the surface of RL decorated by Protein A. The human IgG molecules are 

specifically binding to Protein A by immunization interaction. The corresponding 

sensing kinetics for human IgG at 34 μM with spectra measured every 5 min. As 

shown in Figure 5c, the wavelength red-shift tends to stable after 15 min, indicates 

that the sensing system reaches dynamic equilibrium during the binding process. The 

corresponding emission spectrum responsible for the random laser cultivated for 15 



min exhibits a shift of central wavelength about 0.53 nm, as the blue line presented in 

Figure 5c. The phenomena demonstrate that plasmonic random lasers on fiber facet 

can be used to detect biomolecules, which is associated with the changes in effective 

refractive index. Another six RL sensors decorated by Protein A are exposed to 

human IgG solutions with six different concentrations (3.4 μM, 0.86 μM, 0.34 μM, 34 

nM, 3.4 nM, and 0.68 nM), respectively. The laser wavelength shifts behavior as a 

function of human IgG concentration is described in Figure 5d. The wavelength shifts 

at 43 μJ/cm2
 of representative sensors are 0.41 nm (for 3.4 μM), 0.29 nm (for 0.86 

μM), 0.24 nm (for 0.34 μM), 0.15 nm (for 34 nM), 0.11 nm (for 3.4 nM) and 0.09 nm 

(for 0.68 nM), respectively. As the binding sites of protein A on the surface are 

limited, sensing of human IgG with higher concentrations approaches saturation. And 

the detection limit of human IgG is 0.68 nM, which is comparable to other biosensors 

based on traditional resonance cavity
14

. And the results also demonstrate that 

RL-based biosensors have good sensing ability for the broad linear range between 84 

nM and 12 μM11,46
. Herein, the sensing results indicate that random lasers provide a 

platform for developing random laser bio-probe on fiber facet for identifying virus or 

tracking drugs in human tissue, blood, and other body fluids. These random laser 

bio-probes with simple operation and high sensitivity have good application prospects 

in clinical medicine in the future. Moreover, these RL biosensors are easy prepared, 

low-cost and compact dimensions, which offers an opportunity for developing 

disposable biosensors like the traditional test paper. The one-off biosensors eliminate 

the complicated cleaning process and avoid the contaminating between different 



samples, demonstrating excellent potential of a disposal biomolecules “meter”. These 

features are particularly crucial for reaching portable and integrated biomedical 

systems. 

 

Figure 5 (a) Schematic diagram of capture immunoassay employed for lgG detection. (b) 

Corresponding spectra of the RL-based sensor before functionalization with protein A (red line) 

and after being cultivated in lgG solution for 15 min (red line). (c) The temporal behavior of 

wavelength shift for the biosensors exposed to lgG with the concentrations of 34 μM. (d) The 

variation of wavelengh shift as a function of lgG solution with different concentrations. Error bars 

represent the minimum value and maximum value of wavelength shift from the emission spectra 

acquired over 5 times. 

Conclusions 

In summery, a label-free RL biosensor on fiber facet is achieved based on 

protein-protein interaction. Plasmonic random scattering structure of Ag NPs is 



simply self-assembled on the facet of optical fiber by a hydrothermal method. The 

random laser on fiber facet is prepared by transplanting the PFO membrane upon the 

scattering structure, which operates with a low threshold of 30.5 μJ/cm
2
 and weak 

directional selectivity. The random laser on fiber facet exhibits a linear relationship of 

the wavelength shift and changes in external refractive index near its surface. 

Near-surface sensitivity is characterized by adsorbing layers of PPL, demonstrating a 

satuated phenomena after 15 min. The lgG sensing process has been described in 

detail with the corresponding wavelength shifts of lasing mode though specific 

binding to protein-A. It is found that the RL biosensor have linear sensing curve for 

the broad linear range between 84 nM and 12 μM with a detection limit of 0.68 nM. It 

is believed that this work may promote the applications of plasmonic random lasers 

bio-probe in portable and integrated medical diagnostic platforms, provide 

fundamental understanding for the life science. 

Methods 

Preparation of the plasmonic random laser on fiber facet 

Firstly, AgNO3 (Aldrich) is dissolved in DI water with a concentration of 0.2 g/ml. 

And dissolve 0.25 g of PVP (Mw = 1,300,000; Aladdin) in DI water at 40 ℃. 

Secondly, the AgNO3 aqueous solution and PVP aqueous solution are mixed together 

as a homogeneous reaction solution. The optical fibers with a diameter of 800 μm and 

length of 5 cm are ultrasonically cleaned for 5 min in ethanol and DI water to remove 

the absorbed contaminant. After the treatment, the polished facet of optical fiber is 

dipped in the prepared reaction solution. The fibers with reaction on their facets are 



heated at 200 °C for 0.5 h and then being cooled. Finally, PFO (Mw = 140,000, 

American Dye Source) is dissolved in xylene with a concentration of 12.5 mg/ml. The 

cooled fiber facet with Ag NPs is dipped in the solution of PFO, forming a PFO film 

with the thickness of 1 μm.  

Simulations 

The normalized electric field distribution of Ag NP is stimulated by the commercial 

software COMSOL. In simulations, a simplified model is made of an Ag particle with 

a diameter of 30 nm. The excitation wavelengths are 466 nm, corresponding to the 

central wavelength of random lasing. The permittivity of Ag is chosen from Johnson 

and Christy’s experimental data1. The refraction index of the medium around Ag NP is 

1. 

To characterize the electric field enhancement of the random laser, we establish a 

calculation mode by putting five Ag particles with the diameter around 30 nm 

randomly distributed on the fiber, which is covered by a polymer film. The refraction 

index of the optical fiber and polymer are defined as 1.5 and 1.6, respectively. The 

excitation a plane wave polarized in the x axis with a wavelength of 466 nm, 

corresponding to the central wavelength of random lasing. The permittivity of Ag is 

chosen from Johnson and Christy’s experimental data1. 

Optical measurements 

In our experiment, the fs pulses with a wavelength of 400 nm and repetition 

frequency of directly pump the end of optical fiber. The pump beam transferred along 

the optical fiber and excited the random laser film on the other end. The emission 



spectra are recorded by an optical fiber spectrometer (Ocean Optics, Maya Pro 2000, 

USA) with a spectral resolution of 1 nm and 0.1 nm. The pumping source is a 

mode-locked laser (Coherent, Legend Elite, USA) with a wavelength of 400 nm, 

pulse duration of 200 fs, output beam diameter of 2 mm and repetition rate of 1 kHz. 

A parameter θ is introduced to characterize the detected direction with respect to the 

orientation vertical to the fiber.  

Sensitivity measured of a Protein Monolayer 

Poly (Lys, Phe) (PPL, Sigma-Aldrich) is dissolved in DI water with concentration 

of 1 mg/ml. After being rinsed by PBS (pH=7.4) solution, the plasmonic random laser 

on fiber facet is exposed to the PPL solution. The PPL monolayer gradually 

self-assembled on the surface of RL. The emission spectra for different cultivating 

time are recorded. The wavelength shift response is saturated after 15 nm, resulting to 

a sensitive thickness of 50 nm. 

Sensing of lgG 

First, seven biosensors based on plasmonic random laser on fiber facet with same 

parameters are rinsed by PBS (pH=7.4). Next, protein A (Mw=40 kDa, Sigma-Aldrich) 

is dissolved in PBS solution (pH=7.4) with a concentration of 0.5 mg/ml. The six 

random lasers are cultivated in the solution for 20 min. Then, the surfaces of random 

laser are rinsed with PBS solution three times to remove any protein A that not firmly 

attached. Lastly, the human IgG (Mw=146 kDa, Sigma-Aldrich) is cultivated in PBS 

solution (pH=7.4) with seven different concentrations of 0.68 nM, 3.4 nM, 34 nM, 

0.34 μM, 0.86 μM, 3.4 μM and 34 μM, respectively. The emission spectra of 



biosensor cultivated in the IgG solution at 34 μM is recorded every 5 min. And the 

other six biosensors in lgG solution are cultivated for 15 min. Then the sensors are 

rinsed with PBS solution (pH=7.4) to remove unbound lgG. 
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Figures

Figure 1

Figure 1 (a) Schematic illustration of the synthesis process for scattering structure on �ber facet (b)
Scanning electron microscopy (SEM) image of Ag N P s self assembl ed on �ber facet. (c) Statistical
distribution of Ag N P s that self assembl ed on �ber facet d ) The extinction spectrum of Ag N P s . Inset:
the normalized electric �eld intensity of Ag N P , the excitation is a plane wave polarized in the x axis with
a wavelength of 466 nm.



Figure 2

(a) Design of the plasmonic random laser on �ber facet (b) Absorption spectra ( blue dash) and p
hotoluminescence spectra of PFO blue solid )), p hotoluminescence spectra of polymer with Ag N P s red
solid) ( The PL lifetime of PFO with (red dots) and without Ag N P s (blue dots) (d) The normalized
electric �eld intensity of Ag N P s on the �ber facet covered by PFO , the excitation is a plane wave
polarized in the x axis with a wavelength of 466 nm.



Figure 3

(a) Experimental setup of plasmonic random lasers on �ber facet . ( Emission spectra of the plasmonic
random system on �ber facet obtained under different pump power densities at the detection angle of 45
º. ( Speci�cs of emission spectra at pump power densit y of 33 μJ/cm2, recorded by a high-resolution
spectrometer with a resolution of 0.1 nm ( Emission intensity of random lasing mode at 468 nm versus
the pump energy density Inset: corresponding images of the operating random laser on �ber facet . (e)
The integrated intensity of the random laser as a function of the detection angl e



Figure 4

(a) The variation of wavelength shifts versus of external environment by exposing different solutions to
the RL surface surface. (b) Dynamic detection of alternating deposition layers of single monolayer PPL.



Figure 5

Figure 5 (a) Schematic diagram of capture immunoassay employed for lgG detection ( Corresponding
spectra of the RL based sensor before functionalization with protein A (red line) and after being cultivate
d in lgG solution for 15 min (red c) The t emporal behavior of wavelength shift for the biosensors exposed
to lgG with the concentrations of 34 μM (d) The variation of wavelengh shift as a function of lgG solution
with different concentrations. Error bars represent the minimum value and maximum value of wavelength
shift from the emission spectra acquired over 5 times.


